It is widely known that there are two morphologic multistep colorectal carcinogenesis pathways: the conventional pathway and the serrated pathway \[[@b1-jptm-2019-03-12],[@b2-jptm-2019-03-12]\]. In the conventional pathway, colorectal carcinomas (CRCs) develop through premalignant lesions, including tubular, tubulovillous, and villous adenomas, accounting for approximately 60%--80% of the CRCs, whereas in the serrated pathway, about 15%--35% of the CRCs progress from serrated precursor lesions \[[@b1-jptm-2019-03-12],[@b3-jptm-2019-03-12],[@b4-jptm-2019-03-12]\]. According to the latest (4th) edition of the World Health Organization (WHO) classification of tumors of the digestive system, serrated colorectal lesions are classified into three categories: hyperplastic polyps (HPs), sessile serrated adenomas/polyps (SSA/Ps), and traditional serrated adenomas (TSAs) \[[@b5-jptm-2019-03-12]\]. Among the three subtypes of serrated lesions, SSA/Ps and TSAs are recognized as premalignant lesions, whereas HPs are not regarded as direct precursors of carcinoma but rather as potential precursors of SSA/Ps or TSAs \[[@b5-jptm-2019-03-12],[@b6-jptm-2019-03-12]\].

SSA/Ps are considered major precursors of the CpG island methylator phenotype-high (CIMP-high) CRCs \[[@b1-jptm-2019-03-12],[@b3-jptm-2019-03-12],[@b5-jptm-2019-03-12]-[@b8-jptm-2019-03-12]\]. Histologically, SSA/Ps are typically characterized by distorted crypt architecture, including horizontal extension (inverted T- or L-shape) and branching of the lumen at the crypt bases \[[@b5-jptm-2019-03-12],[@b6-jptm-2019-03-12],[@b9-jptm-2019-03-12]\]. Through genetic and epigenetic alterations, they can acquire cytologic dysplasia and ultimately progress toward carcinoma. The typical genetic and epigenetic characteristics of SSA/Ps are *BRAF* V600E mutation and CpG island hypermethylation, respectively \[[@b7-jptm-2019-03-12],[@b8-jptm-2019-03-12]\].

It has been suggested that risk factors to predict the progression of SSA/Ps are morphologic dysplasia, size of the polyp, and the number of serrated polyps \[[@b6-jptm-2019-03-12],[@b10-jptm-2019-03-12]\]. Based on these potential risk factors, endoscopic surveillance guidelines have generally recommended shorter surveillance interval for SSA/Ps with morphologic dysplasia, large polyp size (≥ 10 mm), or multiple SSA/Ps or TSAs (3 or more) \[[@b6-jptm-2019-03-12]\]. However, although SSA/Ps without dysplasia are more prevalent than SSA/Ps with dysplasia, there has been a lack of reliable grading or risk-stratifying system for non-dysplastic SSA/Ps. Therefore, identifying clinicopathologic factors correlated with underlying molecular alterations that indicate high-risk lesions would be important for establishing a precise risk-assessment system for non-dysplastic SSA/Ps.

The accumulation of CpG island methylation is known as a molecular hallmark of the progression of SSA/Ps \[[@b11-jptm-2019-03-12],[@b12-jptm-2019-03-12]\]. Thus, CIMP-high and *MLH1* methylation status can be strong molecular indicators of the high potential of malignant change in SSA/Ps. In this study, DNA methylation status of non-dysplastic SSA/Ps was analyzed using DNA extracted from the lesions, and non-dysplastic SSA/Ps were classified into two risk subgroups based on the CIMP status: high-risk (CIMP-high and/or *MLH1* promoter hypermethylation) and low-risk (CIMP-low/negative) subgroups. We then aimed to investigate the differential clinicopathologic characteristics between high-risk and low-risk subgroups. Through this analysis, we expect to find clinicopathologic factors that can aid in the prediction of molecularly high-risk lesions among non-dysplastic SSA/Ps.

MATERIALS AND METHODS
=====================

Tissue samples
--------------

We initially reviewed a total of 275 colorectal polyps diagnosed with the term "sessile serrated adenoma" or "sessile serrated polyp," all of which had been removed by endoscopic mucosal resection or polypectomy between 2010 and 2012 at Seoul National University Hospital, Seoul, Korea. The recommendations proposed by an American expert panel in 2012 were used to diagnose SSA/Ps in our study \[[@b6-jptm-2019-03-12]\]. Of these 275 cases, 234 were determined to be morphologically definite SSA/Ps through independent microscopic review by three gastrointestinal pathologists (J.A.L., H.E.P., and J.H.K.) Finally, 133 cases were selected as potential pure forms of sporadic non-dysplastic SSA/Ps, based on the strict inclusion and exclusion criteria of this study, listed below:

\- Inclusion criteria: presence of one or more typical distorted crypt for SSA/P (dilated and/or horizontally branched crypt base) in the lesion

\- Exclusion criteria: satisfying one of the WHO diagnostic criteria for serrated polyposis \[[@b5-jptm-2019-03-12]\], presence of TSA or conventional adenoma component in the lesion (mixed polyp), and presence of morphologic dysplasia in the lesion

This study was approved by the Institutional Review Board of Seoul National University Hospital (IRB No. 1804-109-939). Under the condition of retrospective archival tissue collection and patient data anonymization, our study was exempted from the acquisition of informed consent from patients.

Clinical data collection and histomorphometric analysis
-------------------------------------------------------

Clinical data, including the age and sex of patients, size and location of non-dysplastic SSA/Ps, and number and diagnosis of synchronous polyps, were collected by reviewing the electronic medical records. Sidedness of the location of each SSA/P was categorized into proximal or distal using splenic flexure as the cutoff site. Multiplicity of serrated lesions was determined by counting the total number of polyps diagnosed as HP, SSA/P, TSA or serrated polyp (unclassified), which were biopsied or resected during the same endoscopic evaluation. In addition to the endoscopically measured size of non-dysplastic SSA/Ps, we measured the maximum size of each SSA/P histologically using the Aperio ImageScope program (ver. 12.0.0., Leica Biosystems, Nussloch, Germany) ([Fig. 1A](#f1-jptm-2019-03-12){ref-type="fig"}). Other quantitative histomorphometric analyses, including the total number and the largest diameter of typical base-dilated serrated crypts in each SSA/P, were also performed using the Aperio ImageScope program ([Fig. 1B](#f1-jptm-2019-03-12){ref-type="fig"}, [C](#f1-jptm-2019-03-12){ref-type="fig"}).

DNA methylation analysis
------------------------

DNA was extracted from formalin-fixed paraffin-embedded (FFPE) tissue blocks of 133 non-dysplastic SSA/Ps. After the extraction of genomic DNA, the DNA quantity of one of the 133 SSA/Ps was found to be insufficient for DNA experiments, and therefore, a total of 132 non-dysplastic SSA/Ps were finally subjected to DNA methylation analysis. Bisulfite modification and CIMP analysis of the 132 DNA samples were conducted as previously described \[[@b13-jptm-2019-03-12],[@b14-jptm-2019-03-12]\]. For CIMP determination, methylation-specific quantitative polymerase chain reaction (PCR) analysis (MethyLight assay) was performed using eight CIMP-specific promoter markers (*MLH1, CACNA1G, CDKN2A* (*p16*), *CRABP1, IGF2, NEUROG1, RUNX3*, and *SOCS1*). A CIMP marker was defined as hypermethylated when the percentage of methylated reference (PMR) value was 4 or more. Samples were classified as CIMP-high if they showed CpG island hypermethylation in five or more CIMP markers, and as CIMP-low if one to four CIMP markers were hypermethylated. CIMP-negative indicated that there was no hypermethylated marker in the sample. The classification criteria, marker panel, and PMR cutoff value for CIMP determination used in this study were based on the methodology developed by Dr. Shuji Ogino that had been validated by previous studies \[[@b15-jptm-2019-03-12]-[@b18-jptm-2019-03-12]\]. The methylation levels of long interspersed nucleotide element-1 (LINE-1) were also measured in 132 non-dysplastic SSA/Ps using pyrosequencing assay. The primers and PCR conditions were used as described previously \[[@b19-jptm-2019-03-12]\].

Immunohistochemistry
--------------------

Immunohistochemistry (IHC) for MLH1 was performed on whole FFPE tissue sections of 132 non-dysplastic SSA/Ps using the Ventana Benchmark XT automated immunostainer (Roche, Basel, Switzerland) with a primary antibody against MLH1 (clone M1, Ventana RTU, Roche).

Statistical analysis
--------------------

Statistical analyses in this study were performed using the IBM SPSS Statistics ver. 23 (IBM Corp., Armonk, NY, USA). Comparisons of categorical variables were conducted using the chi-square test or Fisher exact test. Comparisons of continuous variables were conducted using the Student's t test or Mann-Whitney U test. All p-values were two-sided, and the statistical significance was determined at p \< .05.

RESULTS
=======

Developmental pattern of CpG island methylation in SSA/Ps
---------------------------------------------------------

Among 132 non-dysplastic SSA/Ps, the number of CIMP-high, CIMP-low, and CIMP-negative cases were 33 (25%), 73 (55%), and 26 (20%), respectively. First, to infer a developmental pattern of CpG island methylation during progression of SSA/Ps, we performed in-depth analyses using methylation results of each CIMP marker in the 132 SSA/Ps ([Fig. 2](#f2-jptm-2019-03-12){ref-type="fig"}, [Supplementary Fig. S1](#SD2-jptm-2019-03-12){ref-type="supplementary-material"}). Based on the number of concurrently methylated markers, eight CIMP markers were classified into three groups ([Fig. 2A](#f2-jptm-2019-03-12){ref-type="fig"}). Group A markers, including *CRABP1, NEUROG1*, and *CDKN2A* (*p16*), represented early-methylated markers in the serrated neoplasia pathway, because they could be methylated without any other concurrently methylated marker in SSA/Ps. In contrast, group C markers, including *SOCS1* and *MLH1*, represented late-methylated markers, because they could not be methylated without at least two or three concurrently methylated markers ([Fig. 2A](#f2-jptm-2019-03-12){ref-type="fig"}, [B](#f2-jptm-2019-03-12){ref-type="fig"}). Group B markers, including *CACNA1G, IGF2*, and *RUNX3*, could be methylated when only one other marker was methylated, but not when there was no other concurrently methylated marker ([Fig. 2A](#f2-jptm-2019-03-12){ref-type="fig"}). Thus, *CACNA1G, IGF2*, and *RUNX3* could be regarded as intermediately methylated markers in the progression pathway of SSA/Ps ([Fig. 2B](#f2-jptm-2019-03-12){ref-type="fig"}). In addition, the characteristic sequential pattern of methylation of CIMP markers in SSA/Ps was closely associated with age of the patients. We further analyzed the percentages of methylation-positive cases for each CIMP marker in the 132 SSA/Ps, according to age subgroups ([Supplementary Fig. S1](#SD2-jptm-2019-03-12){ref-type="supplementary-material"}). We found that *CRABP1* and *NEUROG1*, the early-methylated markers, were methylated even in the younger age group (\< 40) ([Supplementary Fig. S1A](#SD2-jptm-2019-03-12){ref-type="supplementary-material"}, [S1B](#SD2-jptm-2019-03-12){ref-type="supplementary-material"}), whereas *SOCS1* and *MLH1*, the late-methylated markers, were not methylated before the age of 50 ([Supplementary Fig. S1G](#SD2-jptm-2019-03-12){ref-type="supplementary-material"}, [S1H](#SD2-jptm-2019-03-12){ref-type="supplementary-material"}).

MLH1 expression status in *MLH1*-methylated SSA/Ps
--------------------------------------------------

Eight of 132 non-dysplastic SSA/Ps (6%) were determined to be *MLH1*-methylated. Using IHC, we evaluated the *MLH1* protein expression status in eight *MLH1*-methylated non-dysplastic SSA/Ps. Surprisingly, among the eight *MLH1*-methylated non-dysplastic SSA/Ps, there was no case with a complete loss of *MLH1* expression ([Supplementary Fig. S2](#SD3-jptm-2019-03-12){ref-type="supplementary-material"}). To compare the differential features between non-dysplastic and dysplastic SSA/Ps harboring *MLH1* methylation, we analyzed two additional cases confirmed as *MLH1*-methylated SSA/Ps with morphologic dysplasia ([Supplementary Table S1](#SD1-jptm-2019-03-12){ref-type="supplementary-material"}). In contrast to the *MLH1*-methylated non-dysplastic SSA/Ps, both these *MLH1*-methylated dysplastic SSA/Ps demonstrated a complete loss of MLH1 expression ([Supplementary Table S1](#SD1-jptm-2019-03-12){ref-type="supplementary-material"}, [Supplementary Fig. S2D](#SD3-jptm-2019-03-12){ref-type="supplementary-material"}). However, only one of the eight *MLH1*-methylated non-dysplastic SSA/Ps showed a partial loss of MLH1 expression ([Supplementary Table S1](#SD1-jptm-2019-03-12){ref-type="supplementary-material"}, [Supplementary Fig. S2B](#SD3-jptm-2019-03-12){ref-type="supplementary-material"}, [S2C](#SD3-jptm-2019-03-12){ref-type="supplementary-material"}). The *MLH1* promoter PMR value (26.3) for this *MLH1*-partial-deficient case was greater than that of the other *MLH1*-methylated nondysplastic SSA/Ps (5 to 12.9), but less than that of *MLH1*-methylated dysplastic SSA/Ps (36.04 to 57.07) ([Supplementary Table S1](#SD1-jptm-2019-03-12){ref-type="supplementary-material"}). Therefore, it could be interpreted that *MLH1* methylation found in non-dysplastic SSA/Ps represents subrepressive, low-level methylation. It is also notable that *MLH1*-methylated dysplastic SSA/Ps, as well as *MLH1*-methylated non-dysplastic SSA/Ps, were found exclusively in individuals aged 50 years or more ([Supplementary Table S1](#SD1-jptm-2019-03-12){ref-type="supplementary-material"}).

Clinicopathologic factors associated with high-risk subgroup of non-dysplastic SSA/Ps
-------------------------------------------------------------------------------------

In this study, we defined the high-risk subgroup of SSA/Ps as lesions harboring CIMP-high and/or *MLH1* promoter methylation. As mentioned above, 33 of 132 non-dysplastic SSA/Ps (25%) were CIMP-high lesions, and eight of 132 non-dysplastic SSA/Ps (6%) demonstrated *MLH1* methylation. Seven of the eight *MLH1*-methylated SSA/Ps overlapped with CIMP-high cases. Thus, among the 132 non-dysplastic SSA/Ps, 34 cases (26%) were finally determined to be high-risk SSA/Ps, but the remaining 98 cases (74%) were classified into low-risk SSA/Ps. Notably, the high-risk subgroup was characterized by a specific age group and lesion location ([Table 1](#t1-jptm-2019-03-12){ref-type="table"}, [Fig. 3](#f3-jptm-2019-03-12){ref-type="fig"}). CIMP-high and *MLH1* methylation were found only in individuals aged 50 years or more ([Fig. 3A](#f3-jptm-2019-03-12){ref-type="fig"}, [Supplementary Table S1](#SD1-jptm-2019-03-12){ref-type="supplementary-material"}, [Supplementary Fig. S1H](#SD2-jptm-2019-03-12){ref-type="supplementary-material"}). Moreover, high-risk SSA/Ps were located exclusively in the proximal colon, including cecum, ascending colon, hepatic flexure, and transverse colon ([Fig. 3B](#f3-jptm-2019-03-12){ref-type="fig"}), whereas low-risk SSA/Ps were distributed throughout the whole colorectum, although they were also enriched in the proximal colon ([Fig. 3C](#f3-jptm-2019-03-12){ref-type="fig"}). Collectively, the probability of high-risk SSA/Ps could be restricted to proximal colon-located SSA/Ps found in 50 or more-aged adults ([Fig. 3D](#f3-jptm-2019-03-12){ref-type="fig"}).

Differential clinicopathologic characteristics between high-risk and low-risk subgroups of the 132 non-dysplastic SSA/Ps are summarized in [Table 1](#t1-jptm-2019-03-12){ref-type="table"}. In detail, high-risk SSA/Ps were significantly associated with older age (≥ 50 years old, 100%; p = .003), males (82%; p = .015), proximal colonic location (100%; p = .001), larger histologically measured lesion size (\> 5 mm, 100%; p = .004), and higher number of typical base-dilated serrated crypts (≥ 3 typical crypts, 94%; p = .024). The mean histologically measured lesion size of high-risk SSA/Ps was significantly higher than that of low-risk SSA/Ps (10.3 mm vs 8.4 mm; p = .034) ([Fig. 4A](#f4-jptm-2019-03-12){ref-type="fig"}). High-risk SSA/Ps were found only in \> 5-mm-sized SSA/Ps, whereas a substantial number of low-risk SSA/Ps were 1- to 5-mm-sized lesions ([Fig. 4B](#f4-jptm-2019-03-12){ref-type="fig"}). The mean number of typical base-dilated crypts for high-risk lesions was also significantly higher than that of low-risk lesions (18.8 vs 10.7, p = .031) ([Fig. 4C](#f4-jptm-2019-03-12){ref-type="fig"}). However, the distribution of number of typical crypts between high-risk and low-risk SSA/Ps was similar, except for a few high-risk lesions with a very high number of typical crypts ([Fig. 4D](#f4-jptm-2019-03-12){ref-type="fig"}).

Lastly, high-risk SSA/Ps were not significantly correlated with multiplicity of serrated lesions ([Table 1](#t1-jptm-2019-03-12){ref-type="table"}, [Supplementary Fig. S3](#SD4-jptm-2019-03-12){ref-type="supplementary-material"}), largest diameter of typical base-dilated crypts ([Table 1](#t1-jptm-2019-03-12){ref-type="table"}, [Supplementary Fig. S4](#SD5-jptm-2019-03-12){ref-type="supplementary-material"}), or the average LINE-1 methylation level ([Table 1](#t1-jptm-2019-03-12){ref-type="table"}, [Supplementary Fig. S5](#SD6-jptm-2019-03-12){ref-type="supplementary-material"}).

DISCUSSION
==========

Until recently, number (many), size (large), anatomic site (right-sided colon), and morphologic dysplasia of SSA/Ps have been regarded as the potential risk factors for the progression of SSA/Ps into carcinomas \[[@b6-jptm-2019-03-12],[@b10-jptm-2019-03-12]\]. However, among these potential risk factors, only morphologic dysplasia is based on strong molecular and pathologic evidence, such as high incidences of MLH1 deficiency, CIMP-high, and accompanying carcinomatous component in SSA/Ps with dysplasia \[[@b6-jptm-2019-03-12],[@b20-jptm-2019-03-12],[@b21-jptm-2019-03-12]\]. The other potential risk factors for malignant change of SSA/Ps, including number, size, and location of SSA/Ps, have been suggested by experts, based mainly on less-than-robust, inconclusive clinicopathologic data \[[@b6-jptm-2019-03-12],[@b10-jptm-2019-03-12]\]. Moreover, the 'cutoff' values for the number and size of SSA/Ps for the prediction of high-risk lesions have not been clearly established. Therefore, there is a strong need to precisely identify clinicopathologic risk factors for carcinomatous change in SSA/Ps, especially in SSA/Ps without dysplasia. As no official grading or risk-stratifying system exists for non-dysplastic SSA/Ps, investigating the clinicopathologic factors significantly associated with a high-risk subgroup of non-dysplastic SSA/Ps would be a worthwhile study for clinical and pathologic practices.

To define a high-risk subgroup of non-dysplastic SSA/Ps, we used molecular criteria (CIMP-high and/or *MLH1* promoter methylation), because the accumulation of CpG island methylation is known as a molecular hallmark of progression of SSA/Ps ([Figs. 2B](#f2-jptm-2019-03-12){ref-type="fig"}, [5](#f5-jptm-2019-03-12){ref-type="fig"}) \[[@b11-jptm-2019-03-12],[@b12-jptm-2019-03-12]\]. Based on this aspect, both CIMP-high and *MLH1* methylation in SSA/Ps indicate lesions that are epigenetically high-potential to develop into carcinoma. CIMP-high is known to be tightly associated with *MLH1* methylation in CRCs, and *MLH1* has been used as one of the essential markers for determination of CIMP-high status in CRCs \[[@b15-jptm-2019-03-12],[@b22-jptm-2019-03-12]\]. MLH1 deficiency via the methylation of its gene promoter can induce high microsatellite instability (MSI-high) and subsequent genome-wide hypermutated status in the tumor cells of premalignant lesions such as SSA/Ps \[[@b8-jptm-2019-03-12]\], and the hypermutated premalignant lesions can rapidly progress into carcinomas \[[@b6-jptm-2019-03-12],[@b10-jptm-2019-03-12],[@b21-jptm-2019-03-12]\].

In our present study, a total of 132 non-dysplastic SSA/Ps were classified into 34 high-risk and 98 low-risk lesions based on the CpG island methylation criteria (CIMP-high and/or *MLH1* methylation). We performed statistical analyses using various clinicopathologic factors and found three major factors for potential use as predictive factors for high-risk lesions of non-dysplastic SSA/Ps: patient age, lesion location, and histologically measured lesion size ([Fig. 5](#f5-jptm-2019-03-12){ref-type="fig"}).

First, age is a significant factor for molecularly defined high-risk SSA/Ps. According to our results, the high-risk SSA/Ps were found exclusively in patients aged 50 years or more ([Table 1](#t1-jptm-2019-03-12){ref-type="table"}, [Fig. 3A](#f3-jptm-2019-03-12){ref-type="fig"}, [D](#f3-jptm-2019-03-12){ref-type="fig"}). This finding suggests that most of the SSA/Ps found in individuals under the age of 50 may be molecularly benign lesions, with a low risk of progression into malignancy. In fact, the present as well as previous studies suggest that age is important for understanding the characteristics of CpG island methylation in SSA/Ps. Liu et al. \[[@b23-jptm-2019-03-12]\] recently published data highlighting the importance of age as a risk factor for CIMP-high and malignant progression in SSA/Ps \[[@b24-jptm-2019-03-12]\]. According to these studies, SSA/Ps in young patients rarely demonstrate CIMP-positive (CIMP-high) status, indicating a limited risk of malignant change in SSA/Ps of young patients \[[@b23-jptm-2019-03-12],[@b24-jptm-2019-03-12]\]. These results are very similar to our data. If consistent data are accumulated in future studies as well, it would strengthen the case for using age as an important risk-predictive factor in surveillance and diagnostic guidelines for SSA/Ps.

Our study also revealed that the lesion location could be a significant factor for the high-risk subgroup of non-dysplastic SSA/Ps. All 34 high-risk SSA/Ps were located exclusively in the proximal colon, including cecum, ascending colon, hepatic flexure, and transverse colon ([Table 1](#t1-jptm-2019-03-12){ref-type="table"}, [Fig. 3B](#f3-jptm-2019-03-12){ref-type="fig"}, [D](#f3-jptm-2019-03-12){ref-type="fig"}). This finding is not surprising, as previous studies have also suggested that the proximal colonic location is important for malignancy risk of SSA/Ps \[[@b6-jptm-2019-03-12],[@b10-jptm-2019-03-12]\]. The recent study by Liu et al. \[[@b23-jptm-2019-03-12]\] found that CIMP-high was significantly correlated with proximal location in SSA/Ps, although a small number of distal-located SSA/Ps were also determined to be CIMP-high lesions. Through our results, the importance of lesion location in the prediction of malignant potential of SSA/Ps has been further confirmed.

In addition to patient age and lesion location, histologically measured lesion size was also a significant factor for high-risk SSA/Ps without dysplasia. All 34 high-risk SSA/Ps measured at least 6 mm in size, and the differences of histologically measured sizes between high-risk and low-risk SSA/Ps were statistically significant ([Table 1](#t1-jptm-2019-03-12){ref-type="table"}, [Fig. 4A](#f4-jptm-2019-03-12){ref-type="fig"}, [B](#f4-jptm-2019-03-12){ref-type="fig"}). Notably, lesion size measured by endoscopy was not a statistically significant factor for the discrimination of high-risk lesions from low-risk SSA/Ps ([Table 1](#t1-jptm-2019-03-12){ref-type="table"}, [Supplementary Fig. S6](#SD7-jptm-2019-03-12){ref-type="supplementary-material"}). Although, similar to histologically measured lesion size, the endoscopically measured lesion size of all 34 high-risk SSA/Ps was at least 5 mm, the majority of low-risk SSA/Ps (93%) also demonstrated a size of 5 mm or more, when measured by endoscopy ([Table 1](#t1-jptm-2019-03-12){ref-type="table"}), which likely led to the lack of statistical significance. These findings collectively indicate that histologically measured lesion size may be more valuable and crucial for the risk evaluation of SSA/Ps than endoscopically measured size. The superior value of lesion size measured by histomorphologic methods in the prediction of high-risk SSA/Ps should be validated by multiple independent studies in the future.

As mentioned earlier, although the multiplicity of serrated lesions has been regarded as a potential risk factor for malignant progression of SSA/Ps \[[@b6-jptm-2019-03-12]\], the increased number of synchronous serrated lesions was not a significant factor for high-risk non-dysplastic SSA/Ps in our data ([Table 1](#t1-jptm-2019-03-12){ref-type="table"}, [Supplementary Fig. S3](#SD4-jptm-2019-03-12){ref-type="supplementary-material"}). In fact, because our study excluded cases satisfying diagnostic criteria for serrated polyposis, the expected high-risk lesions in serrated polyposis might be substantially removed from our study samples. As SSA/Ps in serrated polyposis might be clinicopathologically and molecularly different from sporadic SSA/Ps \[[@b5-jptm-2019-03-12],[@b25-jptm-2019-03-12],[@b26-jptm-2019-03-12]\], we decided to focus on sporadically arising SSA/Ps in this study. Therefore, the value of multiplicity of serrated lesions in the prediction of high-risk SSA/Ps should not be underestimated based on the results of our study alone. Nevertheless, our data tend to suggest that multiplicity of serrated lesions may be less valuable than age, location, or size, for prediction of high-risk lesions among sporadic SSA/Ps.

In addition to the identification of clinicopathologic factors associated with the high-risk subgroup of non-dysplastic SSA/Ps, the elucidation of developmental pattern of CpG island methylation in SSA/Ps is another important finding from our study. Based on concurrently methylated marker-dependent and age-dependent frequencies of methylation of each CIMP marker in 132 non-dysplastic SSA/Ps ([Fig. 2A](#f2-jptm-2019-03-12){ref-type="fig"}, [Supplementary Fig. S1](#SD2-jptm-2019-03-12){ref-type="supplementary-material"}), we suggested a sequential model of methylation of CIMP markers in serrated neoplasia pathway ([Fig. 2B](#f2-jptm-2019-03-12){ref-type="fig"}). Early-methylated markers such as *CRABP1* and *NEUROG1* could be methylated in SSA/Ps of young patients, whereas late-methylated markers such as *SOCS1* and *MLH1* could get methylated only in SSA/Ps of patients over the age of 50 ([Supplementary Fig. S1](#SD2-jptm-2019-03-12){ref-type="supplementary-material"}). These results indicate that the accumulation of CpG island methylation during the progression of SSA/Ps is not a stochastic process, but rather an age-dependent, directed process. Our finding is valuable in understanding the characteristics of epigenetic alterations in colorectal carcinogenesis, because currently, the detailed pattern of CIMP development in serrated neoplasia pathway is poorly understood.

Promoter CpG island methylation in *MLH1* gene is a critical step for the development of MSI-high/CIMP-high CRCs from SSA/Ps \[[@b8-jptm-2019-03-12]\]. When *MLH1* is methylated and downregulated in an SSA/P without dysplasia, MSI-high and hypermutated phenotype can be induced in the genome of the SSA/P, and the non-dysplastic SSA/P can rapidly progress into dysplasia and carcinoma \[[@b6-jptm-2019-03-12],[@b10-jptm-2019-03-12],[@b21-jptm-2019-03-12]\]. Based on our results, it can be inferred that the following two conditions should be satisfied for the *MLH1* gene to be methylated in non-dysplastic SSA/Ps: (1) other CIMP markers sufficiently methylated in an SSA/P (generally three or more methylated markers) ([Fig. 2A](#f2-jptm-2019-03-12){ref-type="fig"}), and (2) old age of the patient (generally ≥ 50 years old) ([Supplementary Fig. S1](#SD2-jptm-2019-03-12){ref-type="supplementary-material"}). We also found that both complete loss of MLH1 expression and morphologic dysplasia may occur in SSA/Ps, when *MLH1* promoter CpG islands are sufficiently methylated ([Supplementary Table S1](#SD1-jptm-2019-03-12){ref-type="supplementary-material"}). *MLH1* methylations in non-dysplastic SSA/Ps are mainly subrepressive alterations, because all *MLH1*-methylated non-dysplastic SSA/Ps demonstrated relatively low PMR values and did not show a complete loss of MLH1 expression ([Supplementary Table S1](#SD1-jptm-2019-03-12){ref-type="supplementary-material"}, [Supplementary Fig. S2](#SD3-jptm-2019-03-12){ref-type="supplementary-material"}). Thus, MLH1 IHC may not be useful for the screening of high-risk lesions among non-dysplastic SSA/Ps.

In conclusion, CpG island methylation may be an age-dependent stepwise process in the colorectal serrated neoplasia pathway. Both CIMP-high and MLH1 methylation are late-step alterations during the progression of SSA/Ps and are unlikely to occur in SSA/Ps of young patients. Proximal colon-located, \> 5 mm-sized SSA/Ps found in individuals aged ≥ 50 should be considered as potential high-risk lesions, regardless of morphologic dysplasia or lesion multiplicity ([Fig. 5](#f5-jptm-2019-03-12){ref-type="fig"}).
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![Histomorphometric analyses used in this study. (A) A representative example for measurement of maximum size of a sessile serrated adenomas/polyp (SSA/P). (B) A representative example for counting of typical base-dilated serrated crypts. The total number of typical crypts in an SSA/P was used as a variable in this study. Asterisks indicate typical crypts. (C) A representative example for measurement of diameters of typical base-dilated serrated crypts. The largest diameter of typical crypts in an SSA/P was used as a variable in this study.](jptm-2019-03-12f1){#f1-jptm-2019-03-12}

![An inference of developmental pattern of CpG island methylation in colorectal serrated neoplasia pathway. (A) Frequencies of methylation-positive cases for each CpG island methylator phenotype (CIMP) marker, based on the number of concurrently methylated markers in 132 non-dysplastic sessile serrated adenomas/polyps (SSA/Ps). Group A markers can be methylated independently and alone, whereas methylation of group C markers accompanies at least two or three other methylated markers. (B) A sequence model of methylation of CIMP markers during progression of SSA/Ps.](jptm-2019-03-12f2){#f2-jptm-2019-03-12}

![The high-risk subgroup of non-dysplastic sessile serrated adenomas/polyps (SSA/Ps) is characterized by old age and proximal colonic location. (A) Percentages of CpG island methylator phenotype (CIMP)-high, -low, and -negative subsets of non-dysplastic SSA/Ps in the different age subgroups. Note the presence of CIMP-high cases only in ≥50 years age subgroups. (B) Frequencies of high-risk SSA/Ps according to the lesion location bowel subsites. Note the presence of high-risk SSA/Ps only in the proximal colon. (C) Frequencies of low-risk SSA/Ps according to the lesion location bowel subsites. (D) Two-dimensional (age-location) scatter plot of 132 non-dysplastic SSA/Ps. S-colon, sigmoid colon; D-colon, descending colon; SF, splenic flexure; T-colon, transverse colon; HF, hepatic flexure; A-colon, ascending colon.](jptm-2019-03-12f3){#f3-jptm-2019-03-12}

![Differences in histologically measured lesion size and number of typical base-dilated serrated crypts between high-risk and low-risk subgroups of 132 non-dysplastic sessile serrated adenomas/polyps (SSA/Ps). (A) A box-whisker-scatter plot for histologically measured lesion size. The p-value was obtained using the Student's t test. (B) Frequencies of high-risk SSA/Ps and low-risk SSA/Ps according to histologically measured lesion size. (C) A box-whisker-scatter plot for number of typical base-dilated serrated crypts. The p-value was obtained using the Mann-Whitney U test. (D) Frequencies of high-risk SSA/Ps and low-risk SSA/Ps according to number of typical base-dilated serrated crypts.](jptm-2019-03-12f4){#f4-jptm-2019-03-12}

![A graphical summary of this study. Age, location, and size are potential predictive factors for a high-risk subgroup of non-dysplastic sessile serrated adenomas/polyps (SSA/Ps). CIMP, CpG island methylator phenotype; MSI, microsatellite instability.](jptm-2019-03-12f5){#f5-jptm-2019-03-12}
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Differential clinicopathologic and molecular features between CpG island methylation-based risk subgroups of non-dysplastic SSA/Ps (n = 132)

  Variable                                                        High-risk SSA/Ps   Low-risk SSA/Ps   p-value
  --------------------------------------------------------------- ------------------ ----------------- ---------
  Age (yr)                                                                                             
   Older (≥ 50)                                                   34 (100)           77 (79)           .003
   Younger (\< 50)                                                0                  21 (21)           
  Sex                                                                                                  
   Male                                                           28 (82)            58 (59)           .015
   Female                                                         6 (18)             40 (41)           
  Location                                                                                             
   Proximal colon                                                 34 (100)           73 (74)           .001
   Distal colorectum                                              0                  25 (26)           
  Lesion size (endoscopically-measured) (mm)                                                           
   Larger (≥ 5)                                                   34 (100)           91 (93)           .19
   Smaller (\< 5)                                                 0                  7 (7)             
  Lesion size (histologically-measured) (mm)                                                           
   Larger (≥ 5)                                                   34 (100)           80 (82)           .004
   Smaller (\< 5)                                                 0                  18 (18)           
  Multiplicity (total number of synchronous serrated lesions)                                          
   More (≥ 3 serrated lesions)                                    5 (15)             24 (24)           .235
   Less (\< 3 serrated lesions)                                   29 (85)            74 (76)           
  Number of typical base-dilated serrated crypts                                                       
   More (≥ 3 typical crypts)                                      32 (94)            75 (77)           .024
   Less (\< 3 typical crypts)                                     2 (6)              23 (23)           
  Largest diameter of typical base-dilated serrated crypts (μm)                                        
   Larger (≥ 251)                                                 19 (56)            37 (38)           .065
   Smaller (\< 251)                                               15 (44)            61 (62)           
  *MLH1* promoter methylation                                                                          
   Methylated                                                     8 (24)             0                 \< .001
   Unmethylated                                                   26 (76)            98 (100)          
  *CACNA1G* promoter methylation                                                                       
   Methylated                                                     31 (91)            21 (21)           \< .001
   Unmethylated                                                   3 (9)              77 (79)           
  *SOCS1* promoter methylation                                                                         
   Methylated                                                     12 (35)            7 (7)             \< .001
   Unmethylated                                                   22 (65)            91 (93)           
  *CRABP1* promoter methylation                                                                        
   Methylated                                                     34 (100)           47 (48)           \< .001
   Unmethylated                                                   0                  51 (52)           
  *RUNX3* promoter methylation                                                                         
   Methylated                                                     24 (71)            12 (12)           \< .001
   Unmethylated                                                   10 (29)            86 (88)           
  *IGF2* promoter methylation                                                                          
   Methylated                                                     28 (82)            13 (13)           \< .001
   Unmethylated                                                   6 (18)             85 (87)           
  *CDKN2A* promoter methylation                                                                        
   Methylated                                                     28 (82)            27 (28)           \< .001
   Unmethylated                                                   6 (18)             71 (72)           
  *NEUROG1* promoter methylation                                                                       
   Methylated                                                     33 (97)            45 (46)           \< .001
   Unmethylated                                                   1 (3)              53 (54)           
  LINE-1 methylation level                                                                             
   Relatively hypermethylated (average level ≥ 78.81)             21 (62)            48 (49)           .198
   Relatively hypomethylated (average level \< 78.81)             13 (38)            50 (51)           

Values are presented as number (%).

SSA/P, sessile serrated adenoma/polyp; LINE-1, long interspersed nucleotide element-1.
